G iant cell tumors (GCTs) typically occur in long bones and infrequently in the spine. Spinal GCT produces unique challenges for the spine surgeon because of the tumor's spectrum of clinical behavior and the complexities involved in resection. Pathologically they can range from active to aggressive, with the latter having a propensity for local recurrence and metastatic potential. Recognition of the aggressive tumors is critical because they require complex surgical treatment to minimize the chances of local recurrence. [2] [3] [4] 11, 15, 17 Surgical en bloc reabbreviatioNS ASIA = American Spinal Injury Association; GCT = giant cell tumor; RANKL = receptor activator of nuclear factor kappa B ligand; WBB = WeinsteinBoriani-Biagini. obJect Giant cell tumors (GCTs) of the spine are rare and complex to treat. They have a propensity for local recurrence and the potential to metastasize. Treatment is currently surgical and presents unique challenges due to the proximity of neural structures and the need for reconstruction. Denosumab has been shown in clinical trials to be an effective treatment for GCT, but has not yet been studied specifically in GCT of the spine or as a surgical adjunct. To the authors' knowledge this is the first such reported series. methodS A multicenter, prospective series of 5 patients with GCT of the spine treated with denosumab were included. Patient demographic data, oncological history, neurological status, tumor staging, treatment details and adverse events, surgical procedure, complications, radiological and histological responses, and patient outcome were analyzed. reSultS All patients were women, with a mean age of 38 years, and presented with pain; 2 patients had additional neurological signs and symptoms. The mean duration of symptoms was 62 weeks. No patient had a prior tumor or metastatic disease at presentation. All patients had Enneking Stage III tumors and were treated with monthly cycles of 120 mg of denosumab, with initial additional loading doses on Days 8 and 15. Patients were given daily supplements of calcium (500 mg) and vitamin D (400 IU). There were no denosumab-related adverse events. All patients had a radiological response to denosumab. One patient failed to have a histological response to denosumab, with > 90% of tumor cells found to be viable on histological investigation. coNcluSioNS This study reports the early experience of using denosumab in the treatment of spinal GCT. The results demonstrate a clinically beneficial radiological response and an impressive histological response in most but not all patients. Further experience with denosumab and longer patient follow-up is required. Denosumab has the potential to change the treatment paradigm for spinal GCT.
section of such primary bone lesions has been regarded as the gold standard treatment; 13, 20 however, surgery is typically marginal on the dural-tumor interface. 11, 16 Due to the tumor's proximity to the spinal cord and nerve roots as well as the need for intricate reconstruction, the associated morbidity and potential functional impairment are not trivial. 19 Radiotherapy has been shown to produce tumor shrinkage and some improvement of neurological symptoms; 14 however, the long-term control rate has been shown to be at best moderate (with only a 58% disease-free survival rate at 5 years overall). Therefore, radiotherapy and radiosurgery are usually reserved for tumors that are not amenable to resection or for recurrent disease. 6, 14 Some other medical therapies have already been considered for the management of GCTs. Worthy of mentioning is the use of bisphosphonates, which have been shown to induce tumor regression in isolated case reports, 1, 10 and which have been demonstrated to significantly reduce the rates of local recurrence. 12, 21 Thus, curing GCT involves extensive decision making and weighing of probabilities. Having a treatment alternative or adjunct that requires less aggressive surgery would greatly facilitate this decision making and treatment process, especially with the complex regional anatomy of the spine.
Giant cell tumors are so named because they appear histologically as nodules of osteoclast-like giant cells, from which they arise. Osteoclasts express the receptor activator of nuclear factor kappa B ligand (RANKL), which is an essential mediator for osteoclast survival. Denosumab, a monoclonal antibody against the RANKL, was demonstrated to produce a tumor response in 86% of patients in an open-label Phase 2 study by Thomas et al. 18 The patients in this study had atypical GCTs, which were unresectable, recurrent, or metastatic, the minority of which were located in the spine. Thomas suggested that further studies are required with denosumab, in particular to assess its potential therapeutic effects in reducing tumor size before surgery. To our knowledge the use of denosumab as an adjunct to surgery has not yet been described, nor has its effect been studied specifically in primary spine GCT.
The current study reports on a prospective series of patients with primary GCT of the spine. These patients either underwent resection of GCTs after neoadjuvant denosumab treatment or were treated with denosumab following surgical stabilization of GCT-induced spinal instability. The clinical, radiological, and histological tumor responses are described. To our knowledge, this is the first reported series of such patients with GCT in the spine.
methods

Study population
A prospective, consecutive series of patients with primary spinal GCTs that were treated with denosumab was included. The following centers were involved in this study: Vancouver General Hospital, Vancouver, BC, Canada, (2 patients); MD Anderson Cancer Center, Houston, Texas; James Cancer Center, Columbus, Ohio; and the Radcliffe Royal Infirmary, Oxford, UK. The institutional review board at each of these institutions approved the study. 
baseline characteristics
The following data were collected at baseline: patient demographic data, duration of symptoms, mode of presentation, neurological status, oncological history, Enneking and Weinstein-Boriani-Biagini (WBB) grading, and radiological and biopsy characteristics of the tumor.
treatment protocol
The dose, duration, and side effects of denosumab treatment were recorded. Both clinical and radiological patient follow-up was documented. Operative details including procedure type, surgical margins, and perioperative and postoperative complication data were collected.
pathological and clinical outcomes
The pathological analysis of the surgical specimen, including tumor viability and RANKL staining, if tumor cells were present, was collected. The latest clinical status of each patient from a local control and survival standpoint is reported.
results demographic data and presentation
Five patients met the study criteria and were included. All patients had a histological diagnosis of GCT confirmed by CT-guided needle biopsy. All patients were women, with a mean age of 38.2 ± 13.9 years (range 22-58 years). All patients presented with pain, and 2 patients had additional neurological signs and symptoms. These 2 patients were American Spinal Injury Association (ASIA) Impairment Scale Grade D, and the other 3 patients were ASIA Grade E. The mean duration of symptoms was 62 ± 73.9 weeks (range 2-158 weeks). No patient had a prior oncological history or metastatic disease at presentation. All patients had Enneking Stage III (aggressive) tumors, the size and location of which are shown in Table 1 along with a summary of the patients' demographic data.
tumor histological Findings
The tumors included in this case series were all conventional GCTs of bone consisting of sheets of numerous osteoclast-like multinucleated giant cells with plump eosinophilic cytoplasm and vesicular nuclei exhibiting prominent nucleoli, regularly dispersed among numerous mononuclear rounded or oval stromal cells. The mitotic count was variable and only typical mitotic figures were found.
denosumab treatment
All patients were treated with monthly cycles of 120 mg of denosumab with initial additional loading doses on Days 8 and 15. Patients were given daily supplements of calcium (500 mg) and vitamin D (400 IU). Patients were closely monitored by the medical oncology service. Denosumab was discontinued preoperatively in all patients who underwent tumor resection. Patients had received denosumab for an average of 6 months (range 5-7 months) preoperatively. The patient in Case 5 did not undergo tumor resection; rather, arthrodesis alone. Denosumab treatment was offered but was commenced 10 months later because the patient sought other opinions. This patient remains on denosumab and was tolerating it well at the 24-month follow-up. No drug-related adverse events or complications were noted in any patient.
Surgery and perioperative complications
All patients who underwent tumor resection had preoperative angiographic arterial embolization. The method of tumor resection was either by piecemeal or en bloc resection as shown in Table 2 . There was perfect correlation between the intraoperative tumor margins perceived by the surgeon and the margins confirmed by the pathologist. In cases in which the tumor margin was encountered the surgeon reported a firmer consistency of the tumor capsule, which aided in resection. Three patients had intraoperative durotomies, and in 1 patient there was an ongoing postoperative CSF leak that required operative repair. One patient sustained sacral nerve injuries resulting in left plantar flexion weakness and bowel and bladder dysfunction that subsequently resolved. One patient had significant intraoperative blood loss and postoperative orthostatic hypotension that resolved. Two patients experienced urinary tract infections.
tumor response to denosumab
Imaging revealed a reduction in tumor size in all patients. This reduction was 10% in the patients in Cases 2-4 and 40% in the patient in Case 1. The reduction in size tended to be more in the epidural region of the tumor (see Figs. 1-5 ). In the patient in Case 5, who did not undergo tumor resection, a near complete resolution (> 90%) of tumor was noted, with remodeling of the C-2 vertebra.
In 3 patients who underwent imaging after the third cycle of denosumab treatment, this reduction was noted at this time point, with no further size reduction on subsequent imaging between 3 and 7 months later.
Final histological investigation revealed complete obliteration of all tumor cells and replacement with sclerotic fibro-osseous tissue with interstitial hemosiderin in 3 of 4 patients. In the patient in Case 1, > 90% viable tumor cells were present on final histological investigation and there was diffuse RANKL staining on immunhistochemical analysis. The initial pathology study in this patient showed a hypercellular GCT, but there were no other features that could account for her lack of response. No repeat biopsy was performed in the patient in Case 5.
postoperative outcome
The mean follow-up duration was 12 months (range 4.5-26 months). All patients are alive with no evidence of local recurrence clinically or on follow-up imaging. The patient in Case 5 remains on denosumab and has had no drug-related complications to date.
discussion
In a recent international, open-label, Phase 2 trial of patients with histologically confirmed GCT of the bones and radiographically measurable active disease, denosumab has demonstrated a very safe profile as well as a very high response rates. 8, 18 To our knowledge, this is the first study in which patients with primary spinal GCT were treated with denosumab. In 4 patients, denosumab was used as an adjunct to surgery. In the fifth patient it was used as a stand-alone treatment because the surgery performed was for stabilization only, with no attempt at tumor resection due to the complex anatomical location and extent of tumor. Interestingly, this patient had the best radiological response, with near complete tumor regression. It is unclear why this occurred; however, it is possible that the altered segmental biomechanics and loading character- istics of the tumor cells following surgical stabilization may have played a role. It is important to note that in this patient no repeat biopsy was performed, and the histological response to denosumab is therefore unknown. This patient remains on denosumab and has remained stable on follow-up, both from a symptomatic and a radiological standpoint.
The radiological response seen in the patients in this study was similar to that described by Thomas et al., 18 as stable with some slight regression. In our study all tumors decreased in size by at least 10%, with the exception of the patient in Case 5, who had a near complete radiological response, as previously described. In 3 patients who underwent imaging after the third cycle, the reduction in size was apparent at this time point, and in subsequent imaging no additional major difference was seen. The other 2 patients underwent repeat imaging only after completion of denosumab treatment, at which point the size reduction was noted. Thomas et al. also described the presence of tumor calcification seen on imaging following denosumab treatment. This was a consistent finding in the patients in this study; however, there was only minimal calcification in the patient in Case 1, and it was in this patient that only a minimal histological response to denosumab was noted, as will subsequently be discussed. The size reduction and calcification are both features that are immensely helpful to the spine surgeon. Shrinkage can reduce the size of resection, helping preserve critical anatomy. Calcification or increasing the firmness of the tumor capsule facilitates surgical orientation and theoretically reduces the risk of tumor margin violation.
There was a complete histological response in 3 of 4 patients, with no evidence of viable tumor cells in the surgical specimen. In the fourth patient (Case 1) there was significant evidence of viable tumor cells, with > 90% still present. These cells exhibited diffuse RANKL staining on immunohistochemical analysis. This patient was noted to have a hypercellular GCT on the initial biopsy, but there was no apparent reason for her lack of response. This patient was treated for 5 months with denosumab preoperatively and imaging revealed a 40% reduction in tumor size; however, CT scans exhibited only minor calcification. There were no such histological failures in Thomas et al.'s study, in which a histological response was defined as > 90% elimination of tumor cells. However, not all of the patients in that study had histological analysis of their lesion. There were 2 patients who withdrew from the study due to tumor progression, and the overall response rate was 86% based on either histological or radiological criteria. The histological failure in this study was a radiological success from a tumor shrinkage perspective. This emphasizes the need for histological analysis of tumor response.
There are 3 important observations worthy of mention. First, there appeared to be a different response seen on imaging of the tumor within the vertebrae compared with surrounding or extracompartmental tumor. Following denosumab treatment there was remodeling of the vertebrae, whereas extracompartmental GCT tended to shrink only slightly and calcify. This may be due to the constituent environment within the vertebrae that contains native osteoblasts, osteoclasts, and stromal cells that may exhibit different cell signaling with the tumor cells as compared with extracompartmental GCT lacking these constituent cells. The inhibition of RANKL by denosumab has been reported to act via reciprocal signaling between stromal and neoplastic cells. 18, 19 Following the death of tumor cells, osteoid and bone replacement can occur within a previously affected vertebra. It is also possible that the ability of the vertebrae to bear a load accounts for at least part of the difference in response to the extracompartmental component of the GCT.
The second observation is that epidural GCT had greater regression following denosumab treatment, and this may be due to the pulsatility of the dura mater, which probably inhibits new bone formation. Third, as mentioned above, the postoperative viable histological failure in our series exhibited the least amount of calcification on followup imaging. Calcification is a manifestation of new bone formation, which was noted by Thomas and colleagues to occur in conjunction with a decrease in FDG-PET activity. Although firm conclusions cannot be made from these observations in a small prospective case series, it would be useful to study these effects in larger cohorts.
There is no evidence, either clinically or radiologically, of tumor recurrence in any patient in this study. All patients were alive and well at last follow-up. It is probable that in the patients who have had both a complete histological response and tumor resection an oncological cure has been achieved; however, follow-up is not nearly long enough to make any firm conclusions.
Giant cell tumors of the spine provide unique challenges due to their proximity to neurovascular structures and the need for complex reconstructions following resection. En bloc resection with wide margins is the recommended surgical treatment for Enneking Stage III tumors. 2, 5, 7, 9 There is significant morbidity associated with this surgery evident in both the current and previous series. 2 In this study, denosumab was given preoperatively with the aim of shrinking and calcifying the tumor, thereby improving the ease and safety of surgery. In addition to this benefit, the surgeons reported a firmer pseudocapsule on the marginal surface of tumor, improving the surgical plane and ease of resection. One key question that must be asked, however, is whether surgery is in fact necessary following denosumab treatment. Would a repeat biopsy after denosumab treatment followed by close surveillance in asymptomatic patients be an appropriate management strategy? Clearly, in 1 patient with a large number of viable cells after denosumab treatment, this may not be the case. In patients with a surgical indication such as neural compression or spinal instability, perhaps a less invasive surgical procedure could be performed due to a change in oncological goals with viable medical treatment.
The spinal GCTs in this series treated with denosumab constitute the first such reported cases. The limitations of this study are that it contains a low number of patients, limited follow-up, and no cohort. There was also a wide variation in time between presentation and surgery. This was due to many factors, including observation while receiving denosumab for varying periods of time because there is no standard established. Although a prospective cohort would be valuable, a retrospective or historical cohort would be difficult because of the outcomes we studied. Longer-term outcomes such as local recurrence and survival can be evaluated prospectively or with retrospective cohorts when more patients and longer follow-up is available. Despite these limitations it is extremely important to get out into the literature the favorable impact of denosumab on surgical treatment, because the impact on treatment and patient outcome is striking.
Although conclusions about denosumab as a neoadjuvant therapy to surgery or as an alternative to surgery cannot be made from this small series alone, we believe that the dramatic responses seen in this very first series of patients warrants dissemination. Spine surgeons and oncologists who are faced with patients with spinal GCT will need to provide an individualized approach based on tumor characteristics and patient factors. As the denosumab experience increases, answers to the above questions will become clearer. Denosumab will hopefully prove to be an important agent in the treatment of spinal GCT by reducing surgical risk and functional impairment, perhaps obviating the need for surgery at all in select patients.
conclusions
This study reports the early experience of using denosumab in the treatment of spinal GCT. The results demonstrate a clinically beneficial radiological response and an impressive histological response in most but not all patients. Further experience with denosumab and longer patient follow-up is required. Denosumab has the potential to change the treatment paradigm for spinal GCT.
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